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ABSTRACT 
The morphology of a population of mitochondria is the result of several interacting dynamical 
phenomena, including fission, fusion, movement, elimination and biogenesis. Each of these phenomena is 
controlled by underlying molecular machinery, and when defective can cause disease. New understanding 
of the relationships between form and function of mitochondria in health and disease is beginning to be 
unraveled on several fronts. Studies in mammals and model organisms have revealed that mitochondrial 
morphology, dynamics and function appear to be subject to regulation by the same proteins that regulate 
apoptotic cell death. One protein family that influences mitochondrial dynamics in both healthy 
and dying cells is the Bcl-2 protein family. Connecting mitochondrial dynamics with life-death 
pathway forks may arise from the intersection of Bcl-2 family proteins with the proteins and 
lipids that determine mitochondrial shape and function. Bcl-2 family proteins also have 
multifaceted influences on cells and mitochondria, including calcium handling, autophagy and 
energetics, as well as the subcellular localization of mitochondrial organelles to neuronal 
synapses. The remarkable range of physical or functional interactions by Bcl-2 family proteins is 
challenging to assimilate into a cohesive understanding. Most of their effects may be distinct 
from their direct roles in apoptotic cell death and are particularly apparent in the nervous system. 
Dual roles in mitochondrial dynamics and cell death extend beyond BCL-2 family proteins. In 
this review, we discuss many processes that govern mitochondrial structure and function in 
health and disease, and how Bcl-2 family proteins integrate into some of these processes.  
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1. Introduction 
 
Mitochondria are considered to have originated from the endosymbiosis of an α-
proteobacterium. Vestiges of their bacterial ancestry are apparent by their micrometric size 
(similar to bacteria), double membrane, circular DNA, unique genetic code and ribosomes, and 
their semblance to bacterial cell division and movement. However, these microbial resemblances 
have been dramatically altered by 1-2 billion years of evolution resulting in the progressive loss 
of independence and further conversion from mitochondrial ancestor to bona fide eukaryotic 
organelle. This intracellular domestication was accompanied by transfer of most proto-
mitochondrial genes to the nuclear genome and many other changes related to the intracellular 
environment of eukaryotic cells. The small number of mitochondria-encoded proteins (13 in 
humans) is counterbalanced by a rich mitochondrial proteome of nuclear-encoded proteins 
targeted to mitochondria by a diverse complement of signal sequences (Cotter et al., 2004). 
Conversely, important eukaryotic traits apparently emerged from microbial acquisition, 
including a more advanced energy metabolism. Mitochondrial structure appears to have been 
exploited to take over not only energy production, but additional tasks to meet the needs of cells 
and organisms. Mitochondria of modern-day eukaryotic cells fulfill multiple cellular functions 
such as maintenance of ion homeostasis (e.g. calcium), steroid production, biosynthesis of 
specialized iron-containing complexes, heat production, cellular redox state regulation, 
generation of reactive oxygen species (ROS) (e.g. as second messengers) and initiation of 
apoptotic cell death by liberating key components into the cytosol, a process regulated by Bcl-2 
family proteins (McBride et al., 2006; Nunnari and Suomalainen, 2012).  
Like “soft robots” (Kim et al., 2013), mitochondria are highly dynamic organelles that 
emulate diverse outputs by adapting their number, shape, position, connectivity and motion in 
response to intracellular inputs and extracellular environment. Thus, mitochondrial morphology 
is intertwined with mitochondrial function, but most of the details are not yet known (Benard and 
Rossignol, 2008; Bindoff et al., 1991; Guillery et al., 2008; Wai and Langer, 2016). However, 
interest in this direction is spawned by the alterations in mitochondrial structure and function 
associated with aging, cancer, heart disease and a growing number of neurological disorders 
including epilepsy, stroke, Wolfram syndrome, Alzheimer’s disease, Parkinson’s disease, and 
Huntington’s disease (Archer, 2013; Cagalinec et al., 2016; Corrado et al., 2012; Knott et al., 
2008; Lee et al., 2016b; Rugarli and Langer, 2012; Schon and Przedborski, 2011; Vafai and 
Mootha, 2012). Much less is known about ultrastructural morphology and dynamics of 
mitochondrial inner membrane cristae despite being disrupted in neurodegenerative and other 
disease states. Research over the last two decades has begun to reveal the nature and complexity 
of cellular signaling pathways that sculpt the mitochondrial network (Burte et al., 2015; 
Nasrallah and Horvath, 2014). 
One key protein family that influences both mitochondrial structure and function in both 
healthy and dying cells is the extended Bcl-2 family that apparently arose with metazoans 
(Aouacheria et al., 2013; Bhola and Letai, 2016). Members of this extended Bcl-2 protein 
conglomerate are thought to exert many of their functions on the cytosolic side of the 
mitochondrial membrane, where most research has focused on the events leading to apoptosis. A 
key event during apoptosis is pore-formation in the mitochondrial outer membrane induced by 
oligomerization of the pro-apoptotic Bax protein, resulting in permeabilization of mitochondria 
and subsequent caspase activation in the cytosol to orchestrate apoptosis (Basanez et al., 1999; 
Kuwana et al., 2002).  
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In addition to apoptotic cell death, the extended Bcl-2 family of proteins (Aouacheria et al., 
2015), interact to exert many effects in healthy cells that are distinct from apoptotic processes 
(Chau et al., 2000; Chen et al., 2011; Cheng et al., 1996; Chipuk et al., 2005; Fannjiang et al., 
2003; Gimenez-Cassina et al., 2014; Hosoi et al., 2017; White et al., 2005; Yi et al., 2011). In 
this capacity, Bcl-2 family proteins interact physically or functionally with a remarkably broad 
range of other proteins and lipids, the full extent of which is difficult to assimilate and 
comprehend. However, some of the alternative “day-job” functions identified for Bcl-2 family 
proteins have been confirmed, suggesting that the tie that binds them together (e.g. an underlying 
biochemical function of Bcl-2) remains elusive. Here we discuss the dynamical phenomena and 
underlying mechanisms contributing to mitochondrial morphology, focusing on the nervous 
system. We also explore the integration of Bcl-2 family proteins into many of processes 
influencing mitochondrial structure and function in both healthy and dying cells, while covering 
conceptual and methodological topics related to mitochondrial content, morphology and 
dynamics. 
 
2. Mitochondrial dynamics defined by five phenomena 
 
2.1. Deciphering the core mitochondrial dynamics that underlie morphology 
 
Mitochondrial organelle shapes and patterns (e.g. fragmented, elongated, branched, 
reticulated and number of organelles per area) change rapidly with conditions and can differ 
greatly between cell types and disease states (see section 10). Objective parameterization of 
mitochondrial shapes requires sophisticated image analysis methods and software (Giedt et al., 
2016; McClatchey et al., 2016; Vinegoni et al., 2016). These morphological quantifications are 
useful experimental readouts, but it is important to appreciate that morphology is not a unique 
determinant of the underlying dynamical phenomena (Bordt et al., 2017). For example, elongated 
mitochondrial shape could arise from increased fusion, decreased fission, increased growth or 
any combination of these phenomena. Thus, it is important to distinguish mitochondrial 
morphology from mitochondrial dynamics. The former is a physical pattern that characterizes a 
mitochondrial population, while the latter refers to a set of dynamical phenomena whose 
interaction determines the observed morphological patterns.  
The appellation of ‘mitochondrial dynamics’ is used commonly to refer to only two 
dynamic phenomena, fission and fusion. Instead, at least five dynamical phenomena determine 
mitochondrial morphology: fission, fusion, movement, degradation/removal and 
growth/biogenesis (Fig. 1). Each of these five phenomena are in turn determined by underlying 
biochemical mechanisms that act on mitochondria both directly (e.g. the GTPase activity of 
fission and fusion proteins; sections 4 and 5) and indirectly (e.g. cytoskeleton-driven 
architectural changes; see sections 6 and 10) (Westrate et al., 2014). Is there a strategy to tease 
apart the dynamical behavior and underlying mechanisms based only on the quantified 
morphological features?  
A valid strategy for understanding mitochondrial dynamics and morphology is to apply the 
quantitative reasoning of “dynamical systems theory” to the task of dissecting a relatively simple 
biological model system. The complexity of mitochondrial morphology in a simple system 
should be limited and therefore relatively easier to measure and parameterize. The axons and 
dendrites of neurons provide such a system. The confined and constrained environment of linear 
neuronal processes limits allowed morphology to essentially one-dimensional structures. 
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Moreover, dynamical phenomena are also relatively easier to observe via methods developed for 
direct and simultaneous observation of fission, fusion and movement of fluorescently-tagged 
mitochondria (Berman et al., 2009; Berman et al., 2008). This approach allows the biological 
system to be understood in terms of the dynamic properties of an equilibrium state, wherein 
biochemical mechanisms determine mitochondrial dynamics, which in turn induce a dynamical 
system that determines morphology (Fig. 1). Thus, there is an emerging understanding of how 
fission, fusion, degradation, growth and transport, interact to determine mitochondrial 
morphology and content. 
 
2.2. Neurons have unbalanced ratios of fission and fusion 
 
Consider, for example, a study of the anti-apoptotic Bcl-2 family protein Bcl-xL in neuronal 
processes of healthy cultured rat cortical neurons using live video microscopy (Berman et al., 
2009; Berman et al., 2008). Bcl-xL is essential for normal brain development and is abundantly 
expressed on mitochondria in adult neurons (Chen et al., 2011) (see sections 8 and 9). Expressed 
and endogenous Bcl-xL increased the length/size of mitochondrial and the localization of 
mitochondria to synapses (Berman et al., 2008; Li et al., 2008). To investigate how Bcl-xL alters 
mitochondrial dynamics, mitochondria in neuronal processes of healthy cultured rat cortical 
neurons were observed by live video microscopy. This study measured several morphological 
parameters (mitochondrial number density, mass density and distribution of lengths) (see 
sections 10.1 and 10.2), as well as dynamical parameters (mitochondrial fission rates per unit 
length, fusion rates per encounter and velocities). To accurately quantify these parameters, 
mitochondria were tagged with RFP to mark all mitochondria and with photoactivatable-GFP to 
detect fusion events leading to rapid spread of GFP throughout the red-only mitochondria 
(Berman et al., 2009; Berman et al., 2008).  
Contrary to original expectation of a balance between fission and fusion rates at steady 
state, the data clearly revealed that fission rates could be several-fold higher than fusion rates 
(Berman et al., 2009). Therefore to maintain constant mitochondrial numbers and mass, 
mitochondrial biogenesis (growth in length) and degradation/elimination must compensate for 
the observed unbalanced ratios of fission and fusion. In particular, simple counting arguments 
reveal that if the number of mitochondrial organelles is in equilibrium, then the average rates of 
binary fission Rfission (one organelle divides into two organelles), binary fusion Rfusion (two 
organelles fuse into one organelle) and degradation Rdegradation (removal of one organelle from the 
system), must be related by the equation:  
 
Rfission = Rfusion + Rdegradation. 
 
Thus, at equilibrium, a measured ratio of 4:1 in fission:fusion rates requires a ratio of 4:3 in 
fission:degradation rates. This implies that mitochondrial degradation/elimination rates could be 
nearly as high as fission rates in some scenarios. Another important consequence of this counting 
argument is that at equilibrium, growth/biogenesis of mitochondrial organelles is required to 
make up for loss of mitochondrial biomass due to degradation/elimination (Berman et al., 2009; 
Berman et al., 2008). Thus, this analysis revealed that degradation and consequent biogenesis of 
mitochondria are more important contributors to mitochondrial dynamics than previously 
anticipated, and that mitochondrial morphology is not determined simply by the ratio of fission 
to fusion.  
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This quantitative model of an essentially one-dimensional environment of neuronal 
processes proved to be a powerful model system for teasing apart how the interactions between 
the five dynamical processes produce morphology. For example, this approach revealed a role 
for fission factor Drp1 in the mitochondrial morphology changes observed with the anti-
apoptotic protein Bcl-xL (Berman et al., 2009). The results further revealed that Bcl-xL has 
additional Drp1-independent functions distinct from its known role as a direct inhibitor of 
Bax/Bak-dependent apoptosis. Using both overexpression and neuron-specific Bcl-xL knockout 
mice, measurements of mitochondrial dynamic properties indicate that Bcl-xL increases 
mitochondrial length, not by inhibiting fission, but by increasing the rates of both mitochondrial 
fission and fusion, implying that the increased mitochondrial length observed requires an 
increase in mitochondrial biomass/growth at steady state, which was only partly dependent on 
the fission factor Drp1 (Berman et al., 2009) (see section 8). More generally, it is possible that 
the principles of mitochondrial dynamics that were identified in this geometrically constrained 
neural system could be extended more broadly to understand the formation of three-dimensional 
morphology (e.g. reticulated structures) found in other cell types.  
 
2.3. Balancing the mitochondrial dynamics equation versus neurodegeneration 
 
A difficult question that arose but was not answered in the study by Berman et al. (Berman 
et al., 2009) was how and where does elimination of mitochondrial organelles occur? Because no 
degradation events were directly observed within the neuronal segments being monitored, the 
simple counting arguments strongly imply that mitochondria are being transported out of the 
view fields for degradation elsewhere (see section 7.4). There is compelling evidence from in 
vivo studies that damaged mitochondria are transported from neuronal processes towards 
the cell body for degradation (Dukes et al., 2016). Alternative mechanisms may also exist to 
eliminate mitochondria from neuronal processes. This possibility is appealing to avoid 
potential disadvantages associated with long-distance transport to the cell body for 
degradation, which on average would require transport over half the length of the dendrite or 
axon. This would imply a large energetic cost associated with degradation as well as a long 
lifetime for damaged mitochondria. It also begs the question: where would the energy come from 
to transport mitochondria if not from these damaged mitochondria? Furthermore, given that the 
volume of axonal/dendritic processes exceeds that of the soma, reliance solely on long-distance 
transport back to the cell body for degradation would imply the possibility of traffic jams of 
damaged mitochondria at a junction near the cell body. Moreover, damaged mitochondria are 
suggested to over-produce ROS, so their trip over long distances could potentially impair 
cellular constituents (Harman, 1972; Tal et al., 2009). All this presents a conundrum.  
A possible solution to the conundrum comes from the observation of mitochondria in vivo, 
rather than in cultures of isolated neurons as recently reported for C. elegans (Melentijevic et al., 
2017). For some years, the researchers noted that fluorescently labeled components of the six 
gentle touch neurons of C. elegans were found outside the cell particularly during some stages of 
life. Using microscopy and genetics, they found that whole mitochondrial organelles as well as 
protein aggregates, including neurotoxic aggregates of Huntingtin polyQ protein (Htt-Q128), 
were released from neurons in large membrane-bound structures approximately the size of the 
cell soma, which they refer to as exophers (Melentijevic et al., 2017). By unknown mechanisms, 
exophers appear to preferentially package damaged over healthy mitochondria and aggregating 
fluorescent proteins over non-aggregating versions (Melentijevic et al., 2017) (see section 7.4). A 
 7 
potentially analogous process was identified in retinal ganglion cells in mice expressing 
fluorescently tagged mitochondria, revealing that labeled mitochondria derived from neurons 
were present in neighboring astrocytes where they were subsequently degraded (Davis et al., 
2014). Treatment with inhibitors of the mitochondrial respiratory chain enhanced this process 
implying that the process is selective for damaged mitochondria. Similar phenomena have been 
described in past decades, but these elegant studies provide compelling new evidence (see 
section 7.4).  
 
3. Many events and conditions influence mitochondrial dynamics 
 
3.1. Generalizations regarding energetic stress 
 
Mitochondrial dynamics can be described by the five dynamic but fundamental processes: 
fission, fusion, growth/biogenesis, degradation and the movement/transport that allows 
organelles to come into contact with one another (section 2.1.-2.3. and 10.3-4.). Within minutes, 
the interaction of these processes can cause dramatic shape changes in mitochondria, the most 
rapid of which may be fission (Berman et al., 2009; Liesa and Shirihai, 2013). These dynamical 
processes respond to cellular conditions to affect morphology and function. There is no formula 
known that connects form and function of mitochondria, yet distortion of mitochondrial 
morphology as well as ultrastructure is associated with many neurodegenerative disorders 
(Bindoff et al., 1991; Cagalinec et al., 2016; Corrado et al., 2012; Knott et al., 2008; Rugarli and 
Langer, 2012; Schon and Przedborski, 2011). At the level of whole organelles, the predominate 
theory is that when bioenergetic needs are high, for example during starvation, mitochondria are 
more tubular in connected networks, thereby preventing the degradation of small mitochondria 
by mitophagy (Gomes et al., 2011a; Rambold et al., 2011). One exception is during glucose 
deprivation, mitochondrial elongation is inhibited if amino acid availability is sustained (Gomes 
et al., 2011b). Conversely, during times of catabolism or cell death, mitochondria undergo 
fission/fragment into a discontinuous network, a process promoted by the GTPase Drp1 and pro-
apoptotic Bcl-2 family proteins Bax and Bak (see section 4). In contrast to dying cells, deletion 
of both Bax and Bak in fibroblasts results in fragmented mitochondrial morphology suggesting 
alternative functions of Bax and Bak in healthy cells (Karbowski et al., 2006; Zhang et al., 2013) 
(see section 8.3). 
 
3.2. Biogenesis or import of mitochondria 
 
Because cells lack the capability to synthesize mitochondria de novo, there are only two 
known mechanisms for increasing mitochondrial number, by mitochondrial fission and by direct 
transfer from another cell. Although the export of mitochondria from neurons is considered a 
protective mechanism to eliminate damaged organelles (see section 7.4), evidence suggests that 
useful mitochondria can be acquired, such as the donation of astrocyte mitochondria to neurons 
following stroke (Hayakawa et al., 2016).  
 
3.3. Benefits and restrictions on fusion and fission 
 
The key proteins responsible for mediating mitochondrial fission and fusion belong to a 
family of large GTPases, and GTP hydrolysis provides energy and force required to split or fuse 
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mitochondrial membranes. Seminal studies in model organisms originally identified these key 
mediators, which are conserved in mammals. In mammals, Drp1 is responsible for fission, while 
Mitofusin 1 and 2 (Mfn1/2) and Opa1 carry out fusion of the mitochondrial outer and inner 
membranes, respectively (Chan, 2012; van der Bliek et al., 2013). All appear to be critical for 
neuronal health as pathogenic mutations in each have been shown to manifest in neurological 
diseases ranging from severe, early onset to isolated optic atrophy (see sections 4 and 5). 
Fission and fusion together with three other parameters (growth, degradation and 
movement/transport) control the dynamic shape changes of mitochondrial organelles (see section 
2). Fusion events enable mixing of mitochondrial contents and can prevent mitochondrial 
degradation (Chen and Chan, 2010). Thus, fusion of a damaged mitochondrion to a healthy 
mitochondrion is suggested to restore loss of function. Interestingly, fusion appears to be 
dependent on mitochondrial membrane potential m, as mitochondrial membrane 
depolarization inhibits fusion (Legros et al., 2002; Meeusen et al., 2004; Twig et al., 2008). 
Severely damaged mitochondria with mtDNA mutations or oxidized proteins may also be less 
likely to fuse to the network, providing a first layer of quality control. On the other hand, fission 
generates small mitochondrial fragments that can subsequently be targeted for degradation by 
mitophagy (Twig et al., 2008; van der Bliek et al., 2013; Westermann, 2012), providing a second 
layer of quality control. However, mitochondrial fission may not be a prerequisite for the 
elimination of mitochondria that are exported to neighboring cells via large vesicles such as 
neuronal exophers (~4 μm) (Melentijevic et al., 2017) or large-diameter tunneling nanotubes that 
connect macrophages (>0.7 μm) (Onfelt et al., 2006) (see section 7.4).  
Mitochondrial fission and fusion are essential for mitochondrial remodeling during several 
important homeostatic cell processes such as cell cycle (fission being a requisite step for 
mitosis), cellular differentiation, and release of pro-apoptotic proteins during apoptotic cell death 
(Bender and Martinou, 2013; Lackner, 2014; van der Bliek et al., 2013). The importance of 
mitochondrial dynamics in disease extends beyond the host cell to include human pathogens, as 
tubulation of mitochondria in the fungal pathogen Cryptococcus gattii has gained attention as a 
marker of virulence (Engelthaler et al., 2014; Voelz et al., 2014). 
 
3.4. The extended Bcl-2 family enters the fray 
 
Bcl-2 family proteins have a seemingly unfathomable array of functions reported to affect 
mitochondria, cells and organisms, but one emerging theme is their role in mitochondrial 
dynamics. Their diverse functions stem in part from the unconventional grouping of diverse 
proteins into the extended Bcl-2 protein “family”. In addition to the homologous anti-apoptotic 
(e.g. Bcl-2 and Bcl-xL) and pro-apoptotic (Bax and Bak) proteins that share overall sequence 
similarity, the Bcl-2 “family” typically includes an honorary subfamily of eight non-homologous 
“BH3-only” proteins. These eight canonical BH3-only proteins are also unrelated to each other 
but share one of four Bcl-2 homology (BH) motifs present in the anti-/pro-death Bcl-2 homologs 
(Aouacheria et al., 2015) (see sections 8 and 9).  
 
3.4.1. The conglomerate of BH3-containing proteins 
 
BH3-only proteins have garnered considerable attention because their BH3 motifs bind and 
regulate both anti- and pro-death Bcl-2 homologs in response to different stress-induced cues 
(Bhola and Letai, 2016; Youle and Strasser, 2008). These features of BH3-only proteins have 
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driven the development of chemical and peptide BH3 mimetics to inhibit both cellular and viral 
Bcl-2 homologs for clinical applications (Oltersdorf et al., 2005; Petros et al., 2004). The anti-
cancer therapeutic Venetoclax, which binds the BH3-binding groove of Bcl-2 to promote cell 
death, is the first of these to be FDA approved (Green, 2016). BH3 mimetics may have other 
potential uses. Approximately 40 additional proteins from an array of different protein families 
have been reported to contain a functional BH3 motif that connects Bcl-2 family proteins to 
many other cellular functions, including mitophagy regulator Bnip3 (Aouacheria et al., 2015; 
Hamacher-Brady and Brady, 2016), although many BH3-containing candidates remain 
unconfirmed. Additional factors, such as MTCH2, a mitochondrial receptor for BH3-only protein 
BID, are also suggested to modulate mitochondrial morphology (Gross and Katz, 2017). 
 
3.4.2. Bcl-2 homologs meet mitochondrial fission factor Drp1 
 
The intersection of mitochondrial dynamics and life-death decisions may arise from Bcl-2 
family protein interactions with the large GTPase that mediates mitochondrial fission, Drp1, 
which itself can contribute to cell death. The death-promoting effects of Drp1 in stressed cells 
may extend beyond classical apoptosis as this function is apparently conserved in yeast (which 
do not undergo classical apoptosis) as well as worms and mammals based on enhanced survival 
of Drp1/Dnm1-deficient cells (Cheng et al., 2008a; Cheng et al., 2008b; Delivani et al., 2006; 
Fannjiang et al., 2004; Frank et al., 2001; Jagasia et al., 2005; Lee et al., 2016a; Lu et al., 2011). 
Although not definitively demonstrated, it is possible that a direct role of Bcl-2 family proteins in 
regulating mitochondrial dynamics is an important underlying mechanism for their diverse 
effects on cells (e.g. localization of mitochondria at neuronal synapses, calcium handling at 
mitochondria-associated ER membranes or MAM, mitochondrial energetics, etc.).  
 
3.4.3. The emerging non-death functions of Bcl-2 homologs 
 
The best characterized function of the Bcl-2 family is their control of mitochondrial outer 
membrane permeability to release selected apoptosis-inducing factors into the cytosol during 
apoptosis. However, mounting evidence has revealed alternative non-death roles for many BCL-
2-related proteins in regulating mitochondrial dynamics (sections 2.2), autophagy (section 7.2), 
mitochondrial energetics and neuronal activity (section 8), and membrane curvature and channel 
activity (section 9). Delineation of these detailed mechanisms remains an emerging field but is 
rapidly gaining new ground. For example, the pro-apoptotic Bax-like protein Bak is inhibited 
when bound to VDAC2 on the outer mitochondrial membrane (Cheng et al., 2003). While 
disruption of this interaction can liberate Bak to promote apoptosis, recent work revealed an 
alternative function of Bak important for peroxisome biogenesis that may help explain the 
disease mechanisms of some patients (Fujiki et al., 2017; Hosoi et al., 2017). While excess Bak 
on peroxisomal membranes can indeed cause trouble, presumably analogous to its effects on 
mitochondria, additional intriguing evidence suggests that a normal function of Bak on 
peroxisomes is to facilitate the controlled release of catalase, which has been observed 
previously in the cytosol (Fujiki et al., 2017; Hosoi et al., 2017). Thus Bak is yet another factor 
shared between peroxisomes and mitochondria (Sugiura et al., 2017).  
Anti-apoptotic Bcl-2 family proteins also have non-death roles involving membrane 
permeability. Rather than increasing membrane permeability, neurons lacking the anti-apoptotic 
Bcl-2 homolog Bcl-xL have increased ion flux and excessive swings in membrane potential 
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across the inner mitochondrial membrane where a significant portion of endogenous Bcl-xL 
protein resides in the brain, potentially for the purpose of regulating synaptic activity (Alavian et 
al., 2011; Chen et al., 2011). Both anti- and pro-apoptotic Bcl-2 family proteins as well as pro-
apoptotic caspases can also modulate synaptic activity in neurons, and the mechanisms are under 
investigation (see sections 8.2 and 8.3). 
 
4. Cellular machinery of mitochondrial fission 
 
Mitochondrial fission appears to be mediated by two large GTPases, the dynamin-related 
protein 1 (Drp1) and more recently, dynamin-2 (Dyn2) (Lee et al., 2016a). Human mutations in 
DRP1 or DYN2 have been associated with neurological impairments (Gonzalez-Jamett et al., 
2014; Vanstone et al., 2016; Waterham et al., 2007). Drp1, despite lacking a transmembrane 
domain, cycles from the cytosol to spots on the mitochondrial outer membrane (Smirnova et al., 
1998) by interacting with several proteins, including Fis1, Mff, MiD49, MiD51 and a BAR-
domain protein endophilin B1 (Cerveny et al., 2001; Cherok et al., 2017; Fekkes et al., 2000; 
Gandre-Babbe and van der Bliek, 2008; Otera et al., 2010; Palmer et al., 2011; Tieu and Nunnari, 
2000; Zhao et al., 2011). The mitochondrial receptors are suggested to regulate Drp1-mediated 
fission in response to other signals (Koirala et al., 2013; Lackner et al., 2009; Loson et al., 2014; 
Loson et al., 2013). At the mitochondria, Drp1 drives fission by wrapping around the outer 
surface of organelles at sites of ER-mitochondria contacts (Friedman et al., 2011; Shim et al., 
2012; Stavru et al., 2013), where actin is in close apposition (Li et al., 2015; Moore et al., 2016), 
and where pro-apoptotic Bcl-2 family protein Bax is also concentrated (Karbowski and Youle, 
2003).  
Many labs have reported that Drp1 contributes to apoptotic cell death by inducing 
mitochondrial fission/fragmentation. The details of how Bax and Drp1 contribute individually or 
cooperate to damage mitochondrial membranes are currently debated. Multiple cell stress signals 
can trigger the recruitment of Bax monomers to the outer mitochondrial membrane where Bax 
oligomerizes, resulting in MOMP (mitochondrial outer membrane permeabilization), a hallmark 
of apoptotic cell death (Bhola and Letai, 2016). More recently, Drp1 and its mitochondrial 
receptors have been linked to Bcl-2 family proteins in a different manner. Deletion of either 
Drp1 or Mff results in increased ubiquitination and degradation of MiD49 and the anti-apoptotic 
Bcl-2 family protein Mcl-1, which is mediated by E3 ubiquitin ligase MARCH5 located on the 
the outer mitochondrial membrane (Cherok et al., 2017). Drp1 is itself posttranslationally 
regulated by activating phosphorylation at Ser616 and inhibitory phosphorylation at Ser637. 
Oncogenic Ras may promote tumorigenesis in part by stimulating mitochondrial fission 
dependent on ERK phosphorylation on Drp1 Ser616, consistent with high levels of phospho-
S616 in pancreatic cancer (Kashatus et al., 2015), and possibly also glioblastoma (Xie et al., 
2015). However, Drp1-dependent fission induced by some death stimuli can induce MOMP 
independently of Bax, Bak or other apoptosis factors, implying the involvement of other factors 
(Oettinghaus et al., 2016). Drp1 inhibitors are being developed as potential therapeutics to 
suppress neurodegeneration. However, the fission inhibitor mdivi-1, originally identified as a 
direct inhibitor of Drp1, instead appears to be an inhibitor of Complex I of the mitochondrial 
respiratory chain (Bordt et al., 2017).     
At least one other GTPase involved in mitochondrial fission is the ubiquitously expressed 
dynamin-2 protein (Lee et al., 2016a). Dyn2 was recently reported to function in concert with 
Drp1 by taking charge of the final step of mitochondrial division (Lee et al., 2016a). The ER-
associated protein Inf2 (Korobova et al., 2014; Korobova et al., 2013), in conjunction with the 
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actin nucleation factor Spire, was shown to promote actin polymerization at mitochondrial 
fission sites (Manor et al., 2015). Although not precisely mapped, these data suggest that the ER 
and local actinomyosin cytoskeleton delineate mitochondrial division sites where Drp1 can be 
recruited (De Vos et al., 2005). As the diameter of mitochondria is larger than oligomerized 
Drp1, initial constriction of mitochondria via the ER and actin cytoskeleton may facilitate Drp1 
recruitment allowing its oligomerization. Interestingly, Dyn2 is recruited to Drp1 spots on 
mitochondria, which further constricts mitochondrial organelles to mediate fission and organelle 
division (Lee et al., 2016a). Dyn-2- and Drp1-double-deficient cells have delayed mitochondrial 
fragmentation and recruitment of pro-apoptotic Bax to mitochondria following staurosporine 
treatment (Lee et al., 2016a). Although the relationship between Bax and the fission machinery is 
being debated, several groups have observed Bcl-2 family proteins to interact with and modulate 
mitochondrial fission and fusion machinery (see sections 3.3 and 3.4). 
Mitochondrial fission is also highly dependent on interactions between mitochondria and 
both the actin cytoskeleton and microtubule networks. Disruption of actin filaments with 
Latrunculin A induces Fis-1/Dnm1-dependent fission in yeast (Fannjiang et al., 2004; Jensen et 
al., 2000). Drp1 itself was shown to interact with actin filaments, which have been proposed to 
act as Drp1 reservoirs that can be mobilized for fission (Hatch et al., 2016). Recently, Moore et 
al. (Moore et al., 2016) have conducted elegant experiments demonstrating that actin filaments 
transiently associate with mitochondria at ER-mitochondrial contact sites to promote 
mitochondrial fission. Actin was found to cycle through all cellular mitochondria (irrespective of 
their membrane potential) in about 15 min, with actin-dependent fission events undergoing 
sometimes spectacular clockwise or anti-clockwise rotation around the cytoplasm (Moore et al., 
2016).  
 
5. Cellular machinery of mitochondrial fusion 
 
5.1. Outer mitochondrial membrane fusion 
 
In mammalian cells, fusion of the outer mitochondrial membranes of neighboring 
mitochondrial organelles is governed by the dynamin-like GTPases mitofusin 1 and 2 (Mfn1, 
Mfn2) (Koshiba et al., 2004; Santel et al., 2003), whereas a third GTPase, Opa1, is localized to 
the inner mitochondrial membrane and mediates fusion of the inner mitochondrial membranes 
(Olichon et al., 2003). Mutations in human MFN2 cause a neuromuscular disorder, Charcot-
Marie-Tooth disease Type 2A, and OPA1 mutations account for 40-60% of cases of Type 1 
dominant optic atrophy, a neurological disorder resulting in the progressive degeneration of 
retinal ganglion cells leading to blindness (Burte et al., 2015). Although cultured mammalian 
cells lacking either Mfn1 or Mfn2 lack obvious mitochondrial morphology defects, deletion of 
both genes causes severe mitochondrial fragmentation, allowing unimpeded Drp1-dependent 
fission (Roy et al., 2015). Double Mfn1/2 knockout cells also have less mitochondrial DNA and 
compromised respiration and mitochondrial trafficking. Consistent with high levels of Mfn2 
expression in the brain, mutations in Mfn2 lead to neurological defects, corroborated by genetic 
studies in mice, where Mfn2-deficiency results in cerebellar degeneration, severe ataxia and 
death around 2-weeks of age (Chen et al., 2003; Chen et al., 2007; Eura et al., 2003). Purkinje 
cells in Mfn2 knockout mice have severely compromised arborization of dendrites and 
accumulation of mtDNA mutations (Chen et al., 2007; Chen et al., 2010).  
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The mechanisms of fusion by Mfn1 and Mfn2 have recently been advanced though a 
general consensus has not yet emerged. In contrast to the fission protein Drp1, Mfn1/2 are 
integral membrane proteins and structure-function studies indicate that most of the protein faces 
the cytoplasm, consistent with the requirement for Mfn proteins on opposing membranes to 
mediate fusion (Koshiba et al., 2004). Mitofusins on adjacent mitochondria can form hetero- or 
homotypic oligomers with each other, tethering the two mitochondria in close proximity (Chen et 
al., 2003; Shutt et al., 2012). This homo/hetero-oligomeric feature may help to explain why 
single knockout cells have relatively normal mitochondrial network morphology. Structure 
determinations for the bacterial dynamin-like fusion protein, BDLP, and human Mfn1 help 
provide new insights into the role of GTPase activity in the fusion reaction (Cao et al., 2017; 
Low et al., 2009). Upon GTP hydrolysis, Mfn1 folds back into the closed state to bring the 
opposing membranes in close proximity, perhaps facilitating fusion. Recently, cryo-electron 
tomography experiments revealed that macromolecular complexes containing yeast Fzo1, 
homolog of Mfn1/2, assemble in the form of a docking ring at the junction sites between 
mitochondrial outer membranes from two adjacent mitochondria, prior to their fusion (Brandt et 
al., 2016).  
The possibility of restoring fusion activity to patient mutants of Mfn2 is suggested by the 
development of peptide mimics of the heptad-repeat (HR)-1 region of Mfn2 (Franco et al., 
2016). This HR-1 mimetic strategically interacts with HR-1 to disrupt intramolecular interactions 
between HR-1 the HR-2 of Mfn2 and induce conformational changes. Addition of these cell-
permeable peptides to neurons from mice with mutant Mfn2 restored mitochondrial network 
morphology from fragmented to reticular, although the function of restored mitochondria was 
not yet tested (Franco et al., 2016). In this rapidly evolving arena, these mechanistic details still 
need to be reconciled with other models, including a recent structure of Mfn1 (Cao et al., 2017).  
Another role for mitochondrial fusion is to distribute outer membrane proteins, based on 
the uneven distribution of various outer membrane proteins on mitochondria in Mfn1/2-deficient 
cells (Weaver et al., 2014). This uneven distribution may protect from the transfer of pro-
apoptotic Bak, resulting in apoptosis (Weaver et al., 2014). On another front, geometrical 
parameters capable of predicting whether a given mitochondria will fuse or fragment were 
recently reported, suggesting that mitochondria undergo (presumably cytoskeleton-driven) 
architectural changes before engaging into fission or fusion (Westrate et al., 2014). 
 
5.2. Inner mitochondrial membrane fusion 
 
Eight variant OPA1 transcripts have been identified, all of which encode a mitochondrial 
import sequence (MIS). This import signal directs Opa1 protein to mitochondria, where it is 
removed by proteolytic cleavage, which generates the inner membrane-anchored long isoform of 
Opa1, L-Opa1 (Bertholet et al., 2016; Song et al., 2007). Under steady-state conditions, a 
fraction of the L-Opa1 pool is further proteolytically cleaved at two sites S1 and S2 to generate a 
short isoform lacking the transmembrane domain, S-Opa1 (Bertholet et al., 2016; Ishihara et al., 
2006). In contrast to initial reports suggesting that the rhomboid protease PARL and the mAAA+ 
protease paraplegin were responsible, genetic deletion of both did not alter the ratio of long and 
short Opa1 (Anand et al., 2014; Ishihara et al., 2006). Subsequent studies indicate that the 
iAAA+ protease Yme1L cleaves at S2, while the metallopeptidase Oma1 cleaves at S1, and these 
two proteases predominantly maintain the homeostatic ratio of L-/S-Opa1 (Anand et al., 2014; 
Bertholet et al., 2016; Ehses et al., 2009; Griparic et al., 2007; Head et al., 2009). Cell stress and 
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reduced mitochondrial membrane potential can result in nearly complete conversion of L-Opa1 
to S-Opa and increases sensitivity to apoptosis (Duvezin-Caubet et al., 2006; Griparic et al., 
2004). Cleavage by Yme1L is thought to link fusion to normal cellular bioenergetics (Mishra et 
al., 2014). The ratio of L/S-Opa1 appears to influence fusion events, however a consensus on the 
molecular details has not been reached.  
Of note, depending on its levels, Opa1 was suggested to induce two types of fusion. The 
first, termed “transient fusion”, results in rapid exchange of soluble intermembrane and matrix 
components without affecting mitochondrial morphology. The second type of fusion, “complete 
fusion”, exchanges all mitochondrial components and changes morphology (Liu et al., 2009). 
Complete fusions are believed to result from the merge of two mitochondria moving towards 
each other along the same microtubule, and transient fusion events occur between mitochondria 
traveling along separate microtubules (Liu et al., 2009). In this latter case, merging mitochondria 
first appear to quickly engage oblique interactions before undergoing Drp1-induced fission due 
to the pulling forces exerted by the microtubule motor proteins, in a transient or kiss-and-run 
manner, and the mechanisms are currently under investigation (Jiang et al., 2017; Lavorato et al., 
2017; Picard et al., 2015). 
 
6. Nanotubulation-reticulation  
 
In cytoplasmic volumes unconfined to neuronal processes, fused mitochondria can further 
connect to form a large three-dimensional lattice referred to as ‘reticulation’. Lattices can exist as 
sub-networks of interconnected mitochondria or a single organelle such as the giant 
mitochondrion in trypanosomes (Stuart, 1983), differentiating sperm cells in the fly (Noguchi et 
al., 2011), and the single reticulum of interconnected mitochondrial nanotubules in mammalian 
cardiomyocytes (Huang et al., 2013). The mechanism of mitochondrial reticulation is not well 
understood and could result from increased fusion events with or without growth/biogenesis. 
Alternatively, it may be possible that mitochondrial networks can reticulate by sliding junctions 
without fission or fusion, analogous to that observed in ER networks (Nixon-Abell et al., 2016), 
or other mechanisms.  
 
6.1. Reticulation by hyperfusion  
 
Elongated and networked mitochondria have been observed under specific conditions such 
as nutrient starvation (Gomes et al., 2011a; Rambold et al., 2011) and cellular senescence (Lee et 
al., 2007). In the case of starvation, the elongation of mitochondria appears to be conserved 
across species and occurs in vivo, for example the “grooved carpet shell” clam Ruditapes 
decussatus (Fig. 2). In the fed state, the clam’s digestive gland cells have small mitochondria that 
can be observed within a sea of ER, while in severely starved animals, mitochondria are highly 
tubular and surrounded as observed here among secretory vesicles (Fig. 2). Reticulation is 
suggested to confer some advantages compared to individual organelles (Glancy et al., 2015; 
Hoitzing et al., 2015). One thought is that the formation of fused mitochondrial networks might 
increase ATP synthesis by increasing the density of electron transport chain components (Gomes 
et al., 2011a; Liesa and Shirihai, 2013; Mitra et al., 2009; Rambold et al., 2011). However, it is 
unclear whether increased ATP production is a direct consequence of mitochondrial hyperfusion 
as some models observe increased ATP prior to fusion (Mishra et al., 2014). Another possibility 
is that fusion could confer robustness to the mitochondrial pool by dampening biochemical 
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fluctuations (Mai et al., 2010) and by allowing functional complementation through the exchange 
of mitochondrial contents (Nakada et al., 2001; Ono et al., 2001). Fusion may also protect 
healthy mitochondria from being targeted for degradation (Twig et al., 2008) or enable efficient 
energy transmission along intracellular power cables constituted by filamentous mitochondria 
(Amchenkova et al., 1988; Glancy et al., 2015; Scholkmann, 2016; Skulachev, 2001) (see section 
5).  
Analysis of the shape of reticulated mitochondrial networks at the scale of the entire cell 
necessitates additional methods such as those used to model neuronal networks, with 
quantification of branch properties, branching points and number of branch endpoints (Leonard 
et al., 2015; Lihavainen et al., 2012; Nikolaisen et al., 2014). Although concepts and tools 
derived from graph theory can be useful in studying static mitochondrial networks as captured in 
conventional fluorescence images, time-lapse imaging revealed that the interactions between 
individual mitochondria and segregated mitochondrial subnetworks change over time. Such 
‘temporal networks’ have to be modeled using specific methods such as agent-based modeling 
(Dalmasso et al., 2017) or metrics developed for time-varying graphs, taking into account 
movement and connectivity of mitochondrial objects (Holme, 2016).  
 
6.2. Fusion-independent reticulation  
 
The molecular mechanisms involved in mitochondrial reticulation are far less well 
understood. Yeast cells that are genetically deficient in the two major components of the fission-
fusion machinery (through mutations in the Drp1 homolog Dnm1 and in the mitofusin homolog 
Fzo1) seemingly have a normal interconnected network similar to that of wild-type cells (Sesaki 
and Jensen, 1999). Moreover, prompting the fusion of individual mitochondria did not prove 
sufficient to form networks in vitro (Meeusen et al., 2004), raising the possibility that distinct or 
additional mechanisms are necessary for mitochondrial reticulation with respect to small-scale 
fusion events. One molecular actor that was recently implicated in the ‘dynamic tubulation’ of 
mitochondria is the motor protein KIF5B (Wang et al., 2015), which was known from earlier 
findings to drive mitochondrial transport along microtubules (Tanaka et al., 1998). KIF5B was 
reported to trigger outward expansion of the mitochondrial network from the perinuclear area to 
the cell periphery, by pulling thin tubules out of the mitochondria and fusing them regionally to 
create subnetworks (Huang et al., 2013). Genetic deletion of Mfn1 and Mfn2 did not impair the 
process of dynamic tubulation in mouse embryonic fibroblasts, but these tubules failed to fuse 
into high-order networks, indicating that other actors are probably needed for the fusion of 
mitochondrial lattices into a full network. Interestingly, KIF5B was found to be dispensable for 
mitochondrial network formation in the perinuclear area, suggesting that the mitochondrial 
reticulum is actually composed of different mitochondrial regions. In support of this, at least 
three mitochondrial pools might coexist within the cytoplasm (Chevrollier et al., 2012; Collins et 
al., 2002): perinuclear, periplasmic and around the MTOC (microtubule organizing center), each 
of which exhibit different susceptibilities to defects in mitochondrial fusion genes (Chevrollier et 
al., 2012). These findings raise the intriguing possibility that distinct mechanisms of 
mitochondrial reticulation operate in each of these cytoplasmic regions. 
 
7. Mitochondrial turnover 
 
7.1 Piecemeal turnover of mitochondrial components 
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There appear to be three general categories of mitochondrial turnover mechanisms, two 
involving whole organelle turnover and a third microscale catchall category we refer to as 
piecemeal disposal about which little is known. The best characterized of these is whole 
organelle turnover by lysosome-dependent degradation of mitochondrial organelles in 
autophagosomes, known as mitophagy. A second, less well characterized process of whole 
mitochondrial turnover is organelle export (e.g. from neurons) to neighboring cells (e.g. 
astrocytes) for degradation (see section 3.3.). The third process refers to a conglomerate of 
microscale processes. Proteosome-dependent molecular disposal/replacement has been predicted 
to have significant impact on mitochondrial maintenance, but could be considered more of a 
repair process. Molecular replacement strategies maintain the whole organelle by replacement of 
parts, perhaps analogous to the restoration of historic buildings. This third catchall category may 
involve the degradation and replacement of individual proteins, protein complexes or possibly 
the export of material destined for degradation through mitochondria-derived transport vesicles 
that pinch off from mitochondria independently of fission machinery or canonical autophagy 
machinery (McLelland et al., 2016; Soubannier et al., 2012; Sugiura et al., 2014), or by 
extraction directly from the tubular sides of mitochondria by attacking autophagosomes 
(Yamashita et al., 2016). Although several have estimated that at basal rates, cultured cells 
produce 50 autophagosomes per hour, it is currently not known what volume of mitochondrial 
biomass is turned over by any of these processes in neurons or other cell types, nor whether all of 
the different processes work in concert.  
 
7.2. Mitochondrial turnover via autophagy 
 
Over the past 15 years, novel pathways that specifically target the engulfing autophagosome to 
mitochondria have begun to be delineated. Receptors on the mitochondrial outer membrane serve 
to physically recruit mitochondria to LC3-II-decorated preautophagosomal membranes by their 
LIR (LC3 interacting region). A major focus of attention in the mitophagy field is the interaction 
of ubiquitin ligase Parkin and the accumulation of ubiquitinated proteins such as PINK1 kinase, 
and more recently prohibitin, that recruit autophagy receptors to the outer mitochondrial 
membrane (Lazarou et al., 2015; Wei et al., 2017). This process is triggered by failed 
mitochondrial protein import upon collapse of the mitochondrial membrane potential, at least in 
non-neuronal cells (see section 7.3). However, additional roles for PINK1 and Parkin are being 
uncovered. In contrast to depolarization-induced mitophagy, PINK1 and Parkin are required 
during oxidative stress for the degradation of oxidized mitochondrial matrix components via 
mitochondria-derived vesicles, consistent with evidence from Drosophila (Soubannier et al., 
2012; Sugiura et al., 2014; Vincow et al., 2013). In addition, the fusion protein, Mfn2, when 
ubiquitinated by the E3-ligase Parkin, was reported to serve as a platform for recruitment and 
binding of the PINK1 kinase (Chen and Dorn, 2013). Both Bcl-2 homologs and BH3-only 
proteins have been assigned roles in regulating mitophagy, including functioning as regulatory 
molecules (e.g. Bcl-2-Beclin1 inhibitory interaction) (Pattingre et al., 2005) and as mitophagy-
promoting mitochondrial receptors (e.g. Bnip3, Bnip3L/Nix, and Bcl2L13/Bcl-Rambo) (Hanna 
et al., 2012; Murakawa et al., 2015; Novak et al., 2010; Zhu et al., 2013). By coupling autophagy 
machinery with apoptosis regulators, the cell may attempt to resolve cellular stresses (e.g. loss of 
membrane potential, or mtDNA damage) while preventing death via apoptosis pathways. Further 
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details of mitophagy were recently reviewed by others (Hamacher-Brady and Brady, 2016; 
Martinez-Vicente, 2017).  
Regarding the role of mitochondrial fission in mitophagy, the general consensus is that 
Drp1-mediated mitochondrial fission divides tubular mitochondria into segments of sufficiently 
small size to be engulfed by autophagosomes (Twig et al., 2008). However, more recent work 
identified a Drp1/Dnm1-independent mitophagy process conserved in yeast and mammals 
(Yamashita et al., 2016). In this case, distinct from organelle fission, small fragments of 
mitochondria are generated in the absence of Drp1/Dnm1 because they are apparently extracted 
from the sides of mitochondrial tubules by attacking autophagosomes (Yamashita et al., 2016). 
In this case, the autophagosome itself appears to form at spots along mitochondria with or 
without Drp1/Dnm1 to consume a bulge along the mitochondrial tubule (Yamashita et al., 2016) 
(see section 7.4).  
 
7.3. What are the neuron-specific triggers of mitophagy?  
 
The topic of mitophagy has been a major focus in recent years following the discovery that 
depolarization of mitochondria (e.g. with CCCP) rapidly triggers relocalization of Parkin, an E3 
ligase associated with familial Parkinson’s disease, from the cytosol to mitochondria within 
minutes and subsequent degradation by mitophagy (Narendra et al., 2008; Youle and Narendra, 
2011). Intriguingly, despite the association between Parkin mutations in neuronal loss in 
Parkinson’s disease, this robust model system to study mitophagy in HeLa cells may not be as 
useful for neurons, as mitochondrial depolarization in cultured neurons does not trigger 
relocalization of Parkin to mitochondria, for example when HeLa cells and neurons were 
compared side-by-side (Van Laar et al., 2011). However, Parkin can be coaxed to a fraction of 
neuronal mitochondria upon brief exposure to glutamate to trigger excitotoxicity (Van Laar et 
al., 2015). The recruitment is surprisingly enhanced (not suppressed) if basal ROS is scavenged, 
possibly suggesting that non-ROS-producing mitochondria may be recognized as non-functional 
(Berman and Hardwick, 2015; Van Laar et al., 2015). Perhaps there a many distinct signals that 
trigger neuronal mitophagy and that differ between different cell types. 
 
7.4. Transfer of neuronal mitochondria to neighboring cells for degradation 
 
In the optic nerve head of mice, it was observed that neuronal mitochondria tagged with a 
tandem acid-resistant/sensitive red/green fluorescent reporter collected in protrusions and 
evulsions along the lengths of axons (Davis et al., 2014). Remarkably, the content of these 
protrusions and evulsions appear to be degraded subsequently by lysosomes in adjacent 
astrocytes. Furthermore, impaired mitochondria appear to be preferentially targeted as this 
process was enhanced following treatment with the Complex I inhibitor rotenone. Additional 
clues from this study suggest that external degradation of neuronal mitochondria may be a 
widespread phenomenon in the brain (Davis et al., 2014). Moreover, a similar and possibly 
conserved mechanism was recently reported in C. elegans wherein adult neurons extrude large 
membrane-surrounded vesicles, called exophers (Melentijevic et al., 2017). In worms expressing 
fluorescent reporters, exophers preferentially sequestered compromised mitochondria and 
neurotoxic protein aggregates including those associated with human neurodegenerative 
disorders (Melentijevic et al., 2017). This process involves the worm homologs of Parkinson’s 
disease genes PINK1, PARK2 and the BNIP3 protein (C. elegans DCT-1), which is a non-
 17 
canonical BH3-only protein akin to Bcl-2 family proteins (Melentijevic et al., 2017). 
Furthermore, protein aggregates and mitochondria can be degraded upon engulfment of exophers 
by other cells using some of the same machinery responsible for engulfing apoptotic cells. 
However, this process appears to be distinct from classical apoptosis as exophers lack the 
apoptotic “eat-me” signal phosphatidylserine that characterizes apoptotic bodies, and exopher 
release does not kill neurons, but rather improves neuronal activity (Melentijevic et al., 2017). 
Curiously, exophers often have long thin tethers to the neuron, which resemble tunneling 
nanotubes reported to transfer huntingtin protein aggregates between cells in mammals and 
Drosophila (Costanzo et al., 2013; Pearce et al., 2015) (see 3.3. and 5.3).  
 
8. Bcl-2 family proteins alter mitochondrial dynamics and neuronal activity 
 
Although initially recognized for their importance in regulating apoptosis, it is now widely 
appreciated that both anti- and pro-apoptotic Bcl-2 family members have other roles in cellular 
function (Gross and Katz, 2017; Hardwick et al., 2012). These non-apoptotic “day-jobs” are not 
as well characterized but are also important determinants of cell death versus survival. For 
example, the effects of anti-apoptotic Bcl-2 and Bcl-xL on the energetic state of neurons and 
other cell types prior to apoptosis induction appears to suppress death independently of their 
canonical anti-apoptotic function (Alavian et al., 2011; Chen et al., 2011; Yi et al., 2011).  
 
8.1. Non-apoptotic functions for Bcl-2 family proteins in neurons  
 
Bcl-xL is expressed in many tissues but is essential for hematopoietic functions during 
early embryogenesis in mice as its genetic deletion is lethal at around embryonic day 12.5 
(Motoyama et al., 1995). However, Bcl-xL is also critical for normal brain development and 
conditional deletion of Bcl-xL in a subset of cortical neurons severely compromises neuron 
survival and brain development (Zhang et al., 2005). While other Bcl-2 family members 
substantially decline during development (Krajewska et al., 2002), Bcl-xL expression is 
maintained throughout the adult brain (Gonzalez-Garcia et al., 1995) and Bcl-w is abundant in 
the adult cerebellum (Hamner et al., 1999). Interestingly, Bcl-xL may not be essential for 
neuronal survival until receiving specific development cues or stress conditions (Berman et al., 
2009; Chen et al., 2011; Gonzalez-Garcia et al., 1995; Zheng et al., 2006). This is consistent with 
Bcl-xL exerting a critical function in mature, long-lived neurons. Although the observed gradual 
neuronal loss, motor-learning difficulties, increased risk-taking and self-injurious behaviors of 
Bcl-xL-deficient mice (Nakamura et al., 2016) are generally attributed to increased apoptosis, the 
underlying mechanisms may also involve non-apoptotic functions.  
More complex roles for Bcl-xL are consistent with earlier studies of Bcl-x knockout mice 
with simultaneously deletion of either caspase-9 or caspase-3 (which are activated post 
mitochondrial permeabilization by Bax downstream of Bcl-xL in apoptosis). Double Bcl-
x/caspase-3 or -9 knockouts survived beyond embryonic day 12, but died thereafter as no double 
knockouts were born (Roth et al., 2000; Shindler et al., 1998; Zaidi et al., 2001). However, 
deletion of caspase-3 or caspase-9 markedly decreased the death of some embryonic neurons in 
dorsal root ganglia and of Bcl-x-deficient telencephalic cells in culture (Roth et al., 2000; 
Shindler et al., 1998; Zaidi et al., 2001). However, simultaneous deletion of both Bcl-xL and 
Bax, which prevented caspase-3 activation, failed to rescue embryonic lethality by day 13 in 
mice (Roth et al., 2000; Shindler et al., 1998; Zaidi et al., 2001). Bcl-x-deficiency also did not 
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rescue the highly abnormal developmental brain pathology and extra neurons observed in the 
caspase-9 knockout mice (Zaidi et al., 2001). While gene compensation, developmental 
mismatches and non-death functions of caspases in neurons may confound the interpretations of 
these approaches (Li et al., 2010; Ofengeim et al., 2012; Tang et al., 2015), the overall 
conclusion is that Bcl-xL has functions distinct from classical apoptosis. Consistent with this 
conclusion, Bcl-xL, Bax and Bak also regulate neuronal activity in healthy neurons, presumably 
independent of classical apoptosis processes (sections 8.2 and 8.3). Nevertheless, a recent study 
found that neuron-targeted triple knockout of anti-apoptotic Bcl-xL plus pro-apoptotic Bax and 
Bak rescued neuronal survival, unlike double knockouts of Bcl-xL with either Bax or Bak 
(Nakamura et al., 2016). 
 
8.2. Bcl-xL alters mitochondrial dynamics and synaptic transmission  
 
How does Bcl-xL function in neurons to protect from death independently of its canonical 
role of inhibiting Bax and Bak? Although the biochemical mechanisms are still being 
investigated, several studies have provided hints. Cortical neurons lacking Bcl-xL display 
fragmented mitochondria and restoring Bcl-xL leads to elongated mitochondria (Berman et al., 
2009). This could suggest that Bcl-xL enhances mitochondrial fusion rates or inhibits 
mitochondrial fission rates (see section 2.1. – 2.3.). However, while Bcl-xL indeed increases the 
rate of mitochondrial fusion, surprisingly Bcl-xL induced an even greater increase in the rate of 
fission (Berman et al., 2009; Berman et al., 2008). In addition, Bcl-xL also increased total 
mitochondrial biomass (length) in cultured hippocampal neurons and cortical neurons (Alavian 
et al., 2011; Berman et al., 2008). These findings are consistent with the observation that Bcl-xL, 
as well as the C. elegans homolog CED-9 can interact with the mitochondrial fission-fusion 
machinery (Jagasia et al., 2005; Li et al., 2008). Thus, it is conceivable that Bcl-xL could 
maintain neuronal survival by regulating mitochondrial dynamics. Moreover, recent work has 
also demonstrated that Bcl-xL can coopt the fission protein Drp1 to perform functions other than 
mitochondrial division. In hippocampal neurons, Bcl-xL increases the numbers of synapses and 
synaptic vesicles, as well as mitochondrial localization to vesicle clusters and synapses in a 
Drp1-dependent manner (Li et al., 2013). These findings could potentially explain previous 
results documenting the ability of Bcl-xL to increase synaptic transmission within minutes when 
acutely injected into the presynaptic terminus, therefore acting independently of longer-term cell 
remodeling effects (Hickman et al., 2008; Jonas et al., 2005b; Jonas et al., 2003). Follow-up 
studies found that Bcl-xL in a complex with Drp1, Mff and clathrin regulates synaptic vesicle 
dynamics during endocytosis (Li et al., 2013). Following exocytosis, recovery of 
neurotransmitters is mediated via vesicle retrieval from the plasma membrane as well as from 
reserve pools within the synapse, both of which are dependent on mitochondrial ATP. Thus, the 
underlying molecular details of how Bcl-xL alters neuronal synapses may stem from its direct 
effects on mitochondrial protein complexes and lipids of the inner mitochondrial membrane 
(Alavian et al., 2011; Chen et al., 2011).  
 
8.3. Pro-apoptotic Bax and Bak regulate neuronal activity to protect neurons 
 
Pro-apoptotic Bcl-2 family proteins Bax and Bak also regulate neuronal activity (Fannjiang 
et al., 2003; Jonas et al., 2005a). Although Bak knockout mice are generally not found to have 
obvious phenotypes (Lindsten et al., 2003), in fact they have several neuronal phenotypes. Acute 
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hippocampal slices from Bak knockout mice have evidence of altered spontaneous and evoked 
neurotransmitter release (Fannjiang et al., 2003). The observed increase in excitatory inputs and 
decrease in inhibitory nerve terminals may contribute to their increased seizure susceptibility of 
Bak knockout mice. This function may contribute to the protective effects of Bak in mice 
infected with the neuronotropic encephalitis virus, Sindbis virus, an alphavirus transmitted by 
mosquitoes in nature (Cheng et al., 1996; Fannjiang et al., 2003; Levine et al., 1993; Lewis et al., 
1999). Both Bax and Bak knockout mice have 60-80% higher mortality rates and increased 
neuronal death several days following infection with Sindbis virus relative to wild type and 
heterozygous littermates. Strikingly, reexpression of Bax or Bak proteins by using Sindbis virus 
itself as a delivery vector to restore Bax or Bak to their respective knockout mice, rescues neuron 
survival and reduces mouse mortality to 25-30%, while control viruses had no ability to rescue 
(Fannjiang et al., 2003; Lewis et al., 1999). This finding argues against non-neuronal roles in 
fighting infection as an alternative explanation for these unexpected protective effects of Bax and 
Bak in the brain. 
 
9. Impact of Bcl-2 family proteins on mitochondria-like membranes  
 
Although the detailed mechanisms explaining the effects of Bcl-2 family proteins on 
mitochondrial dynamics are not known, emerging insights into how Bcl-2 homologs engage 
membranes has recently emerged from biophysical studies. Most anti- and pro-apoptotic Bcl-2 
homologs are tail-anchored proteins. This transmembrane tail-anchor is the hydrophobic C-
terminal helix and flanked by positive charges that also serves to target different family members 
to the mitochondrial and ER membranes, but also to other cytoplasmic membranes. In solution, 
Bcl-2 homologs form a single structural domain known as the Bcl-2-fold, which is composed of 
approximately 9 alpha-helices and intervening loops. Each protein has a deep binding cleft on 
one side to receive a helical BH3 motif donated by another Bcl-2 family protein, particularly a 
pro-death family member, although the BH3 is present in almost all family members 
(Aouacheria et al., 2015; Aouacheria et al., 2013). However, Bcl-2 proteins localize to 
membranes, which is required for some of their interactions, but structures of membrane-inserted 
Bcl-2 proteins have only recently been advanced.  
 
9.1. Evolving role for the helical hairpin of Bcl-2 homologs in membrane insertion  
 
In addition to the C-terminal transmembrane tail-anchor, Bcl-2 proteins were originally 
proposed to fully insert their central helical hairpin (alpha helices 5-6) characteristic of the Bcl-2-
fold into membranes perpendicular to the membrane bilayer (reviewed in (Petros et al., 2004). 
Upon membrane insertion of this hairpin, the surrounding helices were suggested to open in an 
umbrella-like manner, based in part on their ability of a peptide fragment containing alpha 5-6 to 
induce pore formation in liposomes (Garcia-Saez et al., 2006) and in cells (Annis et al., 2005; 
Valero et al., 2011). These conclusions were later challenged by the finding that residues 
throughout helices α5 and α6 of Bax or Bak remained accessible to IASD-labeling before, 
during, and after tBid-activation of Bax/Bak, leading to the conclusion that α5-α6 helices lie on 
the surface of the membrane, rather than being deeply embedded or transmembrane (Westphal et 
al., 2014). In contrast to the earlier model, new structure determinations and biophysical 
approaches using DEER (double electron-electron resonance) and cell-based reporter assays 
have provided strong evidence that the central α5-α6 hairpin, instead of inserting like a spear into 
 20 
lipid bilayers, opens at its hinge thereby separating the two halves of the Bcl-2 family molecule 
(Czabotar et al., 2013). In this state, the protein either lays partially embedded on one side of the 
membrane, or traverses a lipidic pore possibly equivalent to the Bax apoptotic pore. This 
“unhinged” hypothesis has subsequently been supported by evidence from several groups and 
confirmed for Bak (Bleicken et al., 2014; Brouwer et al., 2014; Sung et al., 2015). Furthermore, 
structures of unhinged monomers within domain-swap dimers have been described for other Bcl-
2 family members (Lee et al., 2011; O'Neill et al., 2006). However the unhinged dimers are not 
believed to function in a death pathway (Czabotar et al., 2013), leaving open the possibility that 
domain-swapped dimers of Bax and others may engage exclusively in novel “day jobs”. Despite 
observing a similar unlatching of the α5-α6 hinge, the Bordignon group (Bleicken et al., 2014) 
proposed an intriguing “clamp” model of Bax membrane engagement, in which the opened α5-
α6 helices extend the N-terminus to facilitate dimerization with another Bax molecule extended 
from the other side of the bilayer. This lack of consensus regarding the role of α5-α6 in 
membrane engagement, testifies that Bcl-2 family interactions with membranes are complex and 
have yet to be fully delineated. 
 
9.2. The Bcl-2 family transmembrane tail-anchors may intertwine away from the pore 
 
Similar experimental approaches were used to confirm the membrane targeting function of 
the C-terminus, but also suggest that the tail-anchor regions of Bcl-2 family proteins undergo a 
novel intramembrane dimerization (Andreu-Fernandez et al., 2017; Bleicken et al., 2014) where 
the C-terminal transmembrane domain, helix α9, of two Bax molecules interact either in parallel 
or anti-parallel angles within the membrane and away from the apoptotic pore (Bleicken et al., 
2014; Iyer et al., 2015; Liao et al., 2016). C-terminal dimer interactions within the mitochondrial 
membrane were not required for release of small molecules, such as cytochrome c, but were 
needed to form larger pores, suggesting that these tail-tail interactions are required for pore 
expansion (Zhang et al., 2016). The analogous C-terminus of BAK was also demonstrated to 
interact within membranes, and importantly, the tail-anchor regions were protected from 
biochemical labeling, suggesting that these proteins do not themselves constitute a proteinaceous 
pore (Iyer et al., 2015). However, it remains entirely unclear how such structures might explain 
either the ability of Bcl-xL to retrotranslocate Bax from mitochondrial membranes (to prevent 
apoptosis), or the emerging non-canonical functions of Bcl-2 proteins at membranes, particularly 
in neurons, including regulating channel activity, synaptic transmission, calcium homeostasis, 
and autophagy (D'Orsi et al., 2015; Hardwick and Soane, 2013; Hickman et al., 2008; Jiao and 
Li, 2011; Jonas et al., 2005a; Jonas et al., 2003).  
 
9.3. Membrane interactions by anti-apoptotic Bcl-2 homologs 
 
Much effort has focused on the membrane integration and conformational changes 
associated with the pro-apoptotic BCL-2 proteins, but less emphasis has been devoted to the anti-
death counterparts.  Despite possessing opposite activities, pro- and anti-death BCL-2 proteins 
share structural similarity and, thus far, the exact features of these proteins that govern their 
respective activity are not fully grasped (Hardwick et al., 2012; Youle and Strasser, 2008). To 
identify distinguishing features between anti- and pro-death protein, one recent study suggested 
that apoptotic activity correlates with membrane binding potential of the central helices α5-α6, 
charge distribution at the termini of α5-α6, and the presence of a strong inhibitory N-terminal 
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domain (Xiao et al., 2016), but this requires additional confirmation. Since cleavage of the N-
terminus of anti-death family members (Bcl-2, Bcl-xL, Bfl-1 and Mcl-1) can potently convert 
them to potent pro-death factors (Cheng et al., 1997; Clem et al., 1998; Xiao et al., 2016), it is 
reasonable to infer that anti-death Bcl-2 family members have the potential to engage 
membranes similar to Bax and Bak. A related model argues that anti-apoptotic Bcl-2/Bcl-xL are 
dominant negative versions of Bax/Bak (Leber et al., 2010; Reed, 2006; Westphal et al., 2014). 
Both Bcl-xL and Bcl-2 preferentially localize to mitochondrial and ER membranes, 
respectively via their C-terminal tail anchor. However, a range of techniques has made clear that 
Bcl-xL is enriched in the inner mitochondrial membrane, in contrast to central dogma restricting 
Bcl-2 proteins to the outer mitochondrial membrane (Hardwick et al., 2012). Although the 
import mechanisms are not yet known, Bcl-xL may be targeted to the mitochondrial inner 
membrane via its C-terminal transmembrane domain, with help from the N-terminus of Bcl-xL, 
which contains a moderately strong mitochondrial presequence that is sufficient to efficiently 
target GFP to mitochondria (Chen et al., 2011; McNally et al., 2013). The N-terminus of Mcl-1 
also contains a mitochondrial import sequence (Perciavalle et al., 2012). Bcl-xL is specifically 
enriched in sub-mitochondrial fractions containing the F1Fo ATP synthase, an observation made 
by many labs (Chen et al., 2011; Hardwick et al., 2012).  
 
9.4. Bcl-2 proteins on the inner mitochondrial membrane 
 
Experimental evidence using inhibitors directed at either the F1 and Fo subunits of the ATP 
synthase suggests that in Bcl-xL knockout neurons, F1 and Fo are not properly coupled, leading to 
unstable excess ion flux across the mitochondrial inner membrane and compromised reserve 
capacity (Chen et al., 2011). By measuring oxygen consumption with an oscillating probe, it was 
found that Bcl-xL-expressing neurons consume less oxygen but produce equivalent amounts of 
ATP (Alavian et al., 2011). By decreasing excess ion flux across the inner membrane, Bcl-xL 
could potentially increase the energetic efficiency of neurons, thereby increasing tolerance to cell 
stress independently of its classical anti-apoptotic, Bax-interacting functions.  
Experimental evidence has shown many strategies in which Bcl-xL can protect neurons. 
However, Bcl-xL can also be a detriment to neurons if cleaved by caspases. Following an insult, 
Bcl-xL can be cleaved by caspases near its N-terminus and the resultant C-terminal fragment 
carries an intrinsic pro-death function, analogous to the cleavage and activation of Bid. When 
added to cells or artificial liposomes, ΔN-Bcl-xL can induce the release of cytochrome c into the 
cytosol, facilitating apoptosis (Basanez et al., 2002; Basanez et al., 2001). The ΔN-Bcl-xL 
fragment has also been shown to be neurotoxic and to promote neuronal injury in an ischemia-
reperfusion model (Ofengeim et al., 2012). By mutating the two caspase-cleavage sites within 
Bcl-xL, mice expressing caspase-resistant Bcl-xL were protected from neuronal death following 
the ischemic injury (Ofengeim et al., 2012). While recombinant, full-length Bcl-xL can increase 
synaptic plasticity within minutes after being injected into the presynaptic terminus in 
preparations of the squid giant axon, ΔN-Bcl-xL induces synaptic depression that is similar to the 
synaptic rundown observed under hypoxic conditions (Hickman et al., 2008; Jonas et al., 2004; 
Jonas et al., 2005b; Jonas et al., 2003). All of these diverse experimental approaches point to an 
ability of Bcl-xL to alter channel conductance. However, the context is critical. While full length 
Bcl-xL can enable ADP/ATP exchange and closedown the wasteful leak of protons in 
mitochondria (Chen et al., 2011), ΔN-Bcl-xL and ΔN-Bcl-2 can facilitate release of pro-
apoptotic factors such as cytochrome c (Cheng et al., 1997; Kirsch et al., 1999). Therefore, a 
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delicate balance between pro- and anti-apoptotic roles, as well as non-apoptotic pro-survival 
roles of Bcl-xL may impact mitochondrial metabolism during stress to control neuronal health 
and survival.  
 
10. Descriptions of mitochondrial morphology 
 
Mitochondrial morphology was shown to vary depending upon cell types (Lennon et al., 
2016; Palmer et al., 2011; Vafai and Mootha, 2012) and conditions, including metabolic needs, 
stress and redox state (Ahmad et al., 2013; Gomes et al., 2011b; van der Bliek, 2009). 
Mitochondria can shift from small rounded structures to a more elongated state, and can even 
develop into filamentous networks (for instance upon nutrient starvation (Gomes et al., 2011a; 
Rambold et al., 2011) resembling interconnected neurons of neural networks (Nikolaisen et al., 
2014). They can also become swollen (Bonora et al., 2016; Yasuda et al., 2006) or highly 
fragmented during apoptosis induction (Bhola and Letai, 2016), neurodegeneration (Knott et al., 
2008) and cell division (Lopez-Mejia and Fajas, 2015; Westrate et al., 2014). The 
“mitochondriome” is therefore a particularly polymorph entity – it exists in several distinct 
shapes both at the nanometer scale, at the level of individual mitochondria, and as the 
micrometer scale, at the level of the mitochondrial network. Mitochondrial morphology and 
mitochondrial network topology can be described by a number of features, some of which are 
geometrical such as size, shape, position, whereas others are mechanical, including dynamics 
(mitochondrial fission and fusion), movement and communication. These features are often 
interdependent. For example, mitochondrial size will increase with mitochondrial perimeter (the 
number of pixels forming the boundary of a mitochondrial object) (Wiemerslage and Lee, 2016) 
and mitochondrial movement is a decreasing function of mitochondrial size (with small 
mitochondria moving more rapidly than large mitochondrial sub-networks) (Caino et al., 2016; 
Narayanareddy et al., 2014). Mitochondrial movement also varies in relation to the position 
inside the cell (with peripheral mitochondria moving faster than mitochondria located in the 
more densely populated perinuclear region) (Kiryu-Seo et al., 2010; Watanabe et al., 2007). 
 
10.1. Mitochondrial size and mass density 
 
Based on their bacterial ancestry, it is reasonable to assume that a ‘single’ mitochondrial 
segment contains no more than one mitochondrial DNA cluster, defining a basic mitochondrial 
‘unit’. These units may be of various size, generally having a diameter of 0.5-1µm (Finley et al., 
2012; Holloway et al., 2010; Karam et al., 2003; McClatchey et al., 2016; Moran et al., 2010) 
and a length on average 1-15 µm (Bereiter-Hahn, 1990; Cagalinec et al., 2013; Choi et al., 2015; 
Korobova et al., 2014; Korobova et al., 2013; McClatchey et al., 2016; Nozaki et al., 2001; 
Rafelski and Marshall, 2008; Rintoul et al., 2003; Wiemerslage and Lee, 2016). In addition to the 
size of the organelles bounded by their outer membrane, the area of all mitochondrial units 
forming the mitochondrial network should also be considered. This spatial density (mass density) 
of mitochondria within a cell can be estimated by calculating the ratio of mitochondrial size to 
cell size (Koopman et al., 2006; Posakony et al., 1977; Rafelski et al., 2012). By applying these 
metrics, Koopman et al. (Koopman et al., 2006) determined that about 17% of the cell area is 
occupied by mitochondria in skin fibroblasts (a value falling in the expected range of 10-40% 
(Posakony et al., 1977). Interestingly, by culturing fibroblasts on micropatterned coverslips of 
various sizes, it was shown that mitochondrial network volume primarily depends on the size and 
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shape of the cell (Chevrollier et al., 2012). Shape complexity of individual mitochondria can be 
described by several parameters, such as ‘solidity’ (compactness) (Westrate et al., 2014), 
‘tortuosity’ (for twisted mitochondria) (Lihavainen et al., 2012) ‘Feret ratio’ (ratio between 
length and width, a descriptor of filamentous character) (Hodneland Nilsson et al., 2015), or 
Form Factor (a combined measure of mitochondrial length and degree of branching) (Koopman 
et al., 2008). Other morphological parameters, like the number of branches or branch 
intersections, give an estimation of shape complexity at the level of the mitochondrial network 
(Lihavainen et al., 2012; Nikolaisen et al., 2014; Westrate et al., 2014). In multi-scale 
representation systems, mitochondrial morphology is depicted on a linear scale ranging from 
“fragmented” to “filamentous”, before adding two or more categories (e.g. “compact” versus 
“branched”, “non-tubular” versus “tubular”) (Vowinckel et al., 2015). When consensus 
clustering was applied to automatically define morphological subtypes in mitochondrial images, 
a total of 19 distinct morphological clusters were identified, suggesting that mitochondrial shape 
complexity is under-appreciated even when a single cell type is considered (Peng et al., 2011). 
The diversity in mitochondrial morphology may be far greater considering the extent to which 
mitochondria are specialized between the various cell types (Vafai and Mootha, 2012). 
Additional descriptors and the application of deep learning methods may thus be required to fully 
decipher this morphological ‘mitodiversity’ (Popkov et al., 2015).  
Of note, the structure of the mitochondrial cristae also shows a high degree of 
pleiomorphism (e.g. lamellar, tubular, disc-like, helical) within a given cell, between different 
cells and between cell types (Mannella, 2006). Unfortunately, in live cells, structure of the cristae 
appears essentially blurred even when live-cell super-resolution microscopy techniques are 
applied (Hayashi and Okada, 2015; Shao et al., 2011; Shim et al., 2012). The nature of the design 
principles governing the shape of the inner mitochondrial membrane, and which quantitative 
parameters are the most relevant for evaluating mitochondrial cristae structure in live cells, 
represent fundamental unanswered questions. 
 
10.2. Mitochondrial position and number density 
 
Positional parameters (such as the least distance to the nearest mitochondrial neighbor) 
estimate the relative density of mitochondria in the neighborhood of a given mitochondrion, 
which can be measured by the proximity between two mitochondria and is directly correlated to 
the likelihood of fusion (Westrate et al., 2014). Mitochondrial movement also increases the 
likelihood of fusion events by favoring interactions between proximal but also distal 
mitochondria (Twig et al., 2008). Position and movement of mitochondria are largely 
conditioned by the cytoskeleton, and more particularly by microtubules (Anesti and Scorrano, 
2006; Detmer and Chan, 2007; Heggeness et al., 1978; Karbowski et al., 2001; Rafelski, 2013). 
In a seminal study devoted to cellular ‘tensegrity’, the study of structures that stabilize their 
shape by continuous tension rather than by continuous compression (Ingber, 2003), 
micropipettes were used to induce a local stress to the plasma membrane of living cells by 
pulling on RGD-coated microbeads bound to cell surface integrins (Wang et al., 2001). 
Mechanical stress resulted in displacement of mitochondria up to 20 µm away in the depth of the 
cytoplasm, followed by immediate reset to the initial mitochondrial position upon force removal. 
As mechanical stress application exerts its effects by inducing local changes in the position of 
microtubule tracks, this experiment substantiated that subcellular localization of mitochondria is 
critically linked to the microtubule cytoskeleton through dynamic self-organizing principles.  
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Mitochondria tend to aggregate around the nucleus in close proximity to the microtubule-
organizing center (MTOC) in stressed cells (Westrate et al., 2014). This phenomenon of 
perinuclear clustering appears to be cell type- and condition-dependent. Perinuclear 
mitochondria were shown to display a lower m than peripheral mitochondria (Collins et al., 
2002; Pletjushkina et al., 2006), highlighting the relationships existing between functional 
characteristics and positional features. Potentially related phenomena may explain the curious of 
mitochondria around the nucleus in cells overexpressing anti-apoptotic Bcl-xL, which are 
apoptosis-resistant. Alternative possibilities include the effects of Bcl-2 family proteins on 
mitochondria dynamics (see section 8), on membrane curvature, supported by in vitro studies 
liposomes (Basanez et al., 2002; Basanez et al., 2001), or other phenomenon.  
There are also important structural and functional links between mitochondria and the ER 
(Armstrong et al., 1973; Friedman et al., 2011; Giorgi et al., 2010; Stoica et al., 2014), and 
mitochondrial translocation to perinuclear ER has been observed during early phases of ER 
stress (Bravo et al., 2011). Beyond physical principles of cellular mechanics, mitochondrial 
distribution must be actively controlled to meet the needs of the cell. In that respect, 
mitochondrial enrichment has been described at subcellular areas with high ATP consumption, 
including axonal growth cones (Morris and Hollenbeck, 1993), presynaptic terminals, astrocytic 
processes near synapses (Stephen et al., 2015), viral assembly sites in ASFV (African swine 
fever virus)-infected cells (Rojo et al., 1998), and in cortical cytoskeleton of tumor cells (Desai et 
al., 2013) and oocytes (Guillemin et al., 2009; Van Blerkom and Davis, 2006). 
A number of topological descriptors have been computed to describe the distribution of 
mitochondria relative to the nucleus (or to the plasma membrane) in quantitative terms. For 
instance, McClatchey et al. (McClatchey et al., 2016) calculated a “perinuclear preference” index 
based on the ratio between mitochondrial abundance measured in the third of the cytoplasm 
closest and furthest from the nearest nucleus. Kanfer et al. (Kanfer et al., 2015) computed the 
moment of inertia of the mitochondrial network around the cell center of mass to give an 
estimate of the spreading of the mitochondrial network. Using this metrics, they showed that the 
mitochondrial network spreading was diminished in cells deficient for Miro, a mitochondrial 
GTPase involved in mitochondrial trafficking (Fransson et al., 2006). 
 
10.3. Mitochondrial mobility 
 
Mitochondria are mobile organelles, able to move long distances or travel back and forth 
along microtubules with numerous starts and stops (Lin and Sheng, 2015; Morris and 
Hollenbeck, 1995). Motile mitochondria are present not only within cells but may also be present 
between cells. Recent studies have observed mitochondria inside microtubule-containing 
‘membrane nanotubes’ connecting neighboring cells (Antanaviciute et al., 2014; Liu and 
Hajnoczky, 2011; Lu et al., 2017; Scholkmann, 2016). Endogenous and expressed Bcl-xL in 
neurons increases the number of synapses that contain a mitochondrion immediately adjacent to 
the synaptic density (Li et al., 2013; Li et al., 2008). Although the mechanisms are not known, 
we consider some of the potentially important players. 
Although mitochondrial movement is likely important in all cell types, most studies 
investigate mitochondrial transport in neuronal axons and dendrites for three main reasons. First, 
mitochondria of cultured neurons are well-resolved by fluorescence imaging, and they are 
transported bidirectionally on microtubules towards the growth cone (Cai et al., 2011; Cameron 
et al., 1991; Morris and Hollenbeck, 1993; Pilling et al., 2006; Popov et al., 2005; Zinsmaier et 
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al., 2009), rendering this system particularly suitable for in vitro particle tracking experiments. 
Since neuronal processes and axons can be very long (up to one meter in humans), this system 
ensures that mitochondria are transported to distant regions to support the local ATP demand. 
Second, in addition to their bioenergetics function, mitochondria play additional crucial roles in 
neurons including calcium homeostasis, plasma membrane potential maintenance, synaptic 
formation, and neurotransmission (Flippo and Strack, 2017; Li et al., 2004).  
Lastly, abnormal mitochondrial distribution and trafficking have been described in many 
neurodegenerative disease models such as Alzheimer’s disease (Pigino et al., 2003; Rui et al., 
2006; Thies and Mandelkow, 2007), Huntington’s disease (Trushina et al., 2004), Parkinson’s 
disease (Blesa et al., 2015), Hereditary Spastic Paraplegia (Ferreirinha et al., 2004; McDermott et 
al., 2003), Charcot-Marie-Tooth (Baloh et al., 2007) and Amyotrophic Lateral Sclerosis (De Vos 
et al., 2007). Using cultured neurons as a model system, mitochondria were found to move at 
speeds ranging from 0.05 µm/s (representing a possible threshold to define motile mitochondria 
(Chen et al., 2016) to 1-1.5 µm/s (Stepkowski et al., 2016), consistent with previous studies 
(Ashrafi et al., 2014; Wang and Schwarz, 2009). Therefore, observed average velocities vary 
across a wide range. For example, astrocyte mitochondria move slower than neuronal ones, 
perhaps pertaining to cell type-specific differences in the trafficking machinery (Fiacco and 
McCarthy, 2004). However astrocyte mitochondria are still capable of covering the same 
distances as neuronal mitochondria (Stephen et al., 2015). Hence, in addition to mitochondrial 
velocity, assessment of the distance covered by moving mitochondria may be of interest. Run 
times (Miller et al., 2015) and percent of time spent in motion (‘processivity’) (Caino et al., 
2016) represents other numerical parameters that could be used to classify mitochondria on the 
basis of their movement. Other factors that may influence measured mitochondrial speeds are: (i) 
fission-fusion (Liu et al., 2009); (ii) experimental conditions, (iii) local cytoskeletal environment 
(Moore et al., 2016); (iv) mitochondrial morphology and network complexity (Caino et al., 2016; 
Rafelski, 2013).  
 
10.4. Molecular control of mitochondrial mobility and density 
 
At the molecular level, mitochondrial transport is mediated by ATP-dependent kinesin and 
dynein families of motor proteins (Barnhart, 2016; Hirokawa and Tanaka, 2015; MacAskill and 
Kittler, 2010; Stepkowski et al., 2016; Wilson et al., 2013). In neurons, anterograde 
mitochondrial transport is mainly driven by KIF5, whereas retrograde transport is driven by the 
dynein complex. These motor proteins are complexed with mitochondria by protein adaptors, 
like syntabulin or Milton. In flies, Milton recruits KIF5 to mitochondria by binding to MIRO, a 
Rho GTPase located at the mitochondrial outer membrane. Similarly, TRAK1 and TRAK2, the 
mammalian homologs of Milton, were reported to bind to the MIRO homologues MIRO1 and 
MIRO2 in vertebrate cells (Beck et al., 2002; Cai et al., 2011; Iyer et al., 2003; Macaskill et al., 
2009; Stowers et al., 2002). The Milton-MIRO complex is sensitive to cytosolic calcium levels, 
with elevation of Ca2+ producing stationary mitochondria and diminution of Ca2+ restoring 
mitochondrial motility (Macaskill et al., 2009; Saotome et al., 2008; Wang and Schwarz, 2009). 
This calcium-responsive switch is not the unique element governing mitochondrial motion: 
syntaphilin (SNPH) was reported to constitute a ‘stop’ signaling molecule by behaving as a 
negative regulator of KIF5 activity in axonal mitochondria of active neurons (Chen and Sheng, 
2013). Interestingly, non-neuronal tumor cells might exploit this molecular ‘brake’ system by 
silencing SNPH expression, which translates into enhanced mitochondrial movements and 
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targeting of ATP-producing mitochondria to the peripheral cytoskeleton of the tumor cells to fuel 
cell motility and invasion (Caino et al., 2016). Still, regulation of SNPH recruitment and activity 
remains elusive, as do the molecular pathways controlling the duration of mitochondrial 
retention at specific sites and the frequent reversal of motion direction following the pausing 
events (Bertholet et al., 2016; Chen et al., 2016; Ligon and Steward, 2000).  
It is likely that selective transport and retention pathways exist to coordinate subcellular 
mitochondrial distribution in relation to specific changes in the cellular state, including cell cycle 
phases. For instance, recent evidence shows that during mitosis, MIRO directly recruits the 
centromere protein F (Cenp-F) to mitochondria, thereby ensuring anterograde mitochondrial 
movement for proper segregation of mitochondria in daughter cells (Kanfer et al., 2015). 
Interestingly, the MIRO-Cenp-F interaction was suggested to permit mitochondrial attachment to 
the tips of polymerizing microtubules, similar to ER ‘tip-tracking’ movements in which the tip of 
the ER tubule attaches to the tip of microtubule (+) ends (Grigoriev et al., 2008; Pendin et al., 
2011). 
The mechanisms of interaction between mitochondria and the cytoskeleton and their effects 
on mitochondrial motility remain matters of intense debate. Consistent with the ‘tip-tracking’ 
model described above, a number of research studies showed that mitochondrial motility was 
impaired upon microtubule depolymerization (Kandel et al., 2015; Ligon and Steward, 2000; 
Morris and Hollenbeck, 1995; Muller et al., 2005; Yi et al., 2004). While a consensus has 
emerged regarding the role of the microtubular cytoskeleton, conflicting results have been 
published on the relationships between the actin cytoskeleton and mitochondrial movements. 
Actin filament depolarization was shown to influence mitochondrial motility either negatively 
(Muller et al., 2005; Quintero et al., 2006) or positively (Ligon and Steward, 2000; Morris and 
Hollenbeck, 1995), partly depending on the cell type analyzed (Kandel et al., 2015). 
Interestingly, depolymerizing the actin cytoskeleton was recently suggested to blunt 
mitochondrial motility only in neuronal processes, and not in the cell body (Narayanareddy et al., 
2014), providing further support to the idea that distinct control mechanisms may operate in 
different spatially-restricted cytoplasmic regions. 
 
 
11. Future challenges 
 
The next generation of microscope instruments and future increase in computational 
resources will help provide a global knowledge of mitochondrial morphology, trajectories and 
dynamics, and information about how cellular mitochondrial networks can be affected by 
treatment, disease and aging. Additional numerical descriptors will need to be incorporated in 
quantitative analysis of mitochondrial morphology and have their level of redundancy clearly 
assessed, in order to produce phenotypic ‘fingerprints’ or ‘mitograms’ at the level of individual 
mitochondria and mitochondrial networks, as recently anticipated (Blanchet et al., 2015; Iannetti 
et al., 2016). Development of a unified nomenclature of mitochondrial parameters and novel 
graphical representation systems might be useful in order to define how to best describe the 
morphology and dynamics of these organelles. This effort will also benefit from simultaneous 
measurements of functional state indicators for calcium, ATP and ROS levels, collectively know 
as the ‘mitochondrial love-hate triangle’ (Brookes et al., 2004), and from co-staining 
experiments for other cell components (cytoskeletal proteins, signaling molecules, 
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autophagosomes and other organelles). Implementation of more ‘positive’ markers of 
mitochondrial damage (currently assessed by m loss) is also awaited. 
Research will have to explore new frontiers such as defining the molecular mechanisms 
that give rise to the tremendous heterogeneity in mitochondrial morphology between cell types 
and across species. Application of novel microscopy methods should allow resolving the fine 
structure and dynamics of mitochondrial membranes and mitochondrion-derived vesicles 
(Hayashi and Okada, 2015) in living cells, and develop a more detailed understanding of local 
interactions among mitochondria, formation of clusters and the morphological responses to 
cellular stresses (i.e. criticality and percolation) (Aon et al., 2004). 
 
Conclusions 
 
It remains a mystery how Bcl-2 proteins, which are metazoan-specific (Aouacheria et al., 2005), 
evolved to exert tight control on various mitochondrial features, such as integrity of the 
mitochondrial surface, dynamic processes like fission-fusion events, and many other effects 
potentially resulting from their unique interactions with membranes. Because most of these 
features and processes of Bcl-2 family proteins were already present in the unicellular ancestors 
of metazoans, it is likely that Bcl-2 proteins were co-opted to ensure their regulation in more 
complex organisms, interfacing with many preexisting molecular actors at the mitochondria and 
within other cell compartments. In addition to biochemical and structural works, future studies 
will have to carefully assess the roles of pro- and anti-apoptotic members of the Bcl-2 group by 
using quantitative measurements of mitochondrial parameters, including structural, 
organizational and functional readouts as those described in this review. Similar analysis could 
then be extended to other protein groups (e.g. BH3-only proteins, dynamins and KIF-family 
proteins) and other endomembrane systems with shared functions and components with 
mitochondria, such as the ER and peroxisomes. 
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FIGURE LEGENDS 
 
Figure 1. Causal relationship between molecular machinery, mitochondrial dynamics and 
mitochondrial morphology. Schema summarizes the relationship between the underlying 
biochemical mechanisms that drive morphology through their effects on mitochondrial 
dynamics. Note that individual molecular species may in fact have multiple direct influences on 
dynamical phenomena. 
 
Figure 2. Mitochondrial elongation is a conserved process across metazoans. Electron 
microscopy images of digestive gland cells from the bivalve molusc Ruditapes decussatus that 
was normally fed (A), or subjected to strict experimental starvation for 45 days (B). M: 
mitochondrion; Lu: lumen; Er: endoplasmic reticulum; G: Golgi apparatus; N: nucleus; GS: 
secretary granule; CF: flagellate cell. Scale bars: 1 μm (A); 2 μm (B). 
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